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ABSTRACT 
This study investigated the influence of tempo
ral 
and spatial overlap on the pr~dator-prey intera
ctions 
between the cyclopoid copepod Mesocyclops edax
 and a 
variety of rotifer and crustacean prey. Using
 clearance 
rate data, discrete depth density measurements
 and a 
simple mathematical model, quantitative predic
tions of 
the predation risk exerted on the prey populat
ions were 
derived. The results indicated that the 
concurrent diel 
migrations exhibited by the predator and their
 
crustacean prey types significantly increased 
the 
intensity of predation for this prey group ove
r that 
expected from an assumption of uniformity. Temp
oral 
.. . 
. , 
variation in predation risk was primarily caus
ed by 
changing predator densities. For rotifers, the
 
calculated predation risk was very similiar to th
e risk 
predicted by an assumption of uniformity althoug
h 
changes in predation risk appear to be more depe
ndent 
upon spatial overlap in this group. 
The pressures exerted on several populations of 
prey 
including Ceriodaphnia reticulata, Bosmina longi
rostris, 
Polyarthra remata and Asplanchna priodonta appea
red to 
be intense. This view was supported by an ana
lysis of 
population growth and fecundity where either 1) 
1 
• 
vulnerable prey populations declined in abundance with 
increasing predator densities or 2) the trends in total 
mortality from all sources followed the model's 
predicted death rates from M· edax predation. 
2 
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INTRODUCTION 
Perhaps the most striking quality of lentic systems 
is the variability of zooplankton distributions through 
space and time. Many organisms exist at distinct time 
periods and in distinct zones within the water column 
and these patterns of heterogeneity may have profound 
impacts upon trophic interactions. For example, highly 
preferred prey types may be relatively unsusceptible to 
predation in nature if they exist at different times in 
the season than their predators (i.e. if temporal 
overlap is low) or if they reside at different depths 
(i.e. if spatial overlap is low). on the other hand, 
potential prey types which are less preferred may be 
heavily impacted by a predator if they exist in the same 
zones and at the same time as their predators. These 
patterns will not be detected in laboratory feeding 
experiments where predators and the prey are forced into 
a situation of complete overlap. Thus, while the 
information gained from these feeding experiments is 
useful for quantifying prey preference, it is, 
nonetheless, unsatisfactory for describing predation in 
the field. Similar difficulties arise when integrative 
sampling methods are used to examine predation intensity 
as a function of predator density. Integrative sampling 
can provide reasonable information on the importance of 
3 
• 
temporal overlap in the system but will not give any 
indication as to the spatial separation of predators and 
their prey. Consequently, a decrease in prey 
populations with increasing predator numbers can not be 
considered evidence for intense predation unless it can 
be shown that the predator and the prey overlap in their 
spatial distributions. The natural situation is further 
complicated by the diel migrations of zooplankton. 
Spatial overlap is, in many cases, quite variable 
throughout the diel cycle and, therefore, predation 
pressure may also vary widely (Williamson and Magnien, 
1982; Williamson et al., in prep). 
Past research into the importance of overlap in 
lent~c systems indicates that vertical distributions and 
migrations can be significant factors in determining 
predation risk. In Lake Tahoe, the vertical migrations 
of the oppossum shrimp Mysis relicta exposed it to peak 
prey densities which were 13 times higher than the mean 
prey densities (Folt et al., 1982). Similarly, the diel 
migrations of M. relicta in Lake Michigan brought the 
predator into contact with different prey items at 
~ 
different times of the day (Bowers and Vanderploeg, 
1982). These changes were reflected in the patterns of 
ingestion with night feeding predominately on diaptomid 
copepods and the day ration on cladocerans. The reverse 
migrations exhibited by the cladocerans reduced their 
4 
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vulnerability to M· relicta by over 501. In Eunice 
Lake, British Columbia, predation by the fourth larval 
instar of Chaoborus trivittatus was greatest at dawn and 
dusk when the predators and prey passed each other 
during oppositely directed vertical migrations 
(Fedorenko, 1975). In addition, experimental studies 
with Chaoborus americanus indicated that restricting 
vertical movement with horizontally oriented enclosures 
reduced predation rates to a level that was three times 
more than that found in vertical enclosures (Melville 
and Maly, 1981). 
These studies clearly indicate that the vertical 
distributions and migrations of prey populations can 
substantially influence the patterns of predation in 
nature. They do not, however, examine the changes in 
predation intensity on temporal and spatial scales 
simultaneously. Patterns in predation risk can 
conceivably vary tremendously through the annual cycle 
as predator and prey densities fluctuate (i.e. as 
' 
temporal overlap changes) and as vertical distributional 
patterns and migrational activities are modified and 
change. This dynamic nature of overlap may mean that 
the tendency of prey organisms to invest energy into 
anti-predator defenses may also vary considerable 
through time. Therefore, an understanding of the role 
of overlap in shaping predator-prey dynamics is critical 
5 • 
• 
not only to an understanding of population and community 
level interactions but also to an understanding of prey 
autecology. 
" 
In this paper, the relative importance of spatial 
and temporal overlap in determining predation risk will 
be examined in a lentic system containing the copepod 
predator Mesocyclops edax and a number of rotifer and 
crustacean prey items. This system is ideal for a 
. 
number of reasons. Past research has indicated that M. ~ 
edax has the potential to exert significant predation 
pressure on a variety of prey types (Brandl and 
Fernando, 1979; Williamson, 1983,1984). Furthermore, 
this pressure is selectively directed. Soft-bodied 
rotifer prey items such as those in the genera 
Asplanchna, Polyarthra and Synchaeta are readily 
ingested if captured (Gilbert and Williamson, 1978; 
Williamson and Gilbert, 1980; Williamson, 1980) while 
hard loricate, heavily armored rotifers and larger 
crustacean prey items are quite often rejected. This 
intense, selective feeding may be very important in 
determining community structure. 
Many crustacean zooplankton, including Mesocyclops, 
are known to undergo regular nocturnal migrations 
presumably in response to planktivorous fish (Dumont, 
1972; Williamson and Magnien, 1982; Williamson and 
Stoeckel, unpublished data). Rotifers, on the other 
6 
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hand, are less migratory in the water column and may 
even undergo reverse diurnal migrations (Miracle, 1977; 
Pivoda, 1977; Williamson and Stoeckel, unpublished 
data). Thus, fundamental differences exist between 
rot if ers and crustaceans in terzns of their spatial 
distributions over the diel cycle and one might expect 
these differences to be reflected in the intensity of 
predation. 
Simple mathematical models have been developed to 
quantify predation risk in natural systems (Williamson, 
in review) and will be used here to address two 
important questions: 1) Do the different patterns of 
spatial distribution between rotifers and crustaceans 
lead to differences in predation intensity? and 2) Does 
this intensity vary significantly through time and, if 
so, what is the relative contribution of spatial overlap 
versus temporal overlap to these changes? The results 
will provide a more realistic picture of invertebrate 
predation in nature than is presently available from 
laboratory prey preference experiments. 
7 
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METHODS 
In order to estimate the extent of predation 
pressure on a prey population, a quantifiable 
measurement of predation risk is needed. While a 
variety of measurements may be used for this purpose, 
percent cropping is perhaps the most straightforward of 
these. This measure is extremely useful in that it not 
only provides a good indication of.impacts on prey 
• 
populations, per se, but it also represents the 
probability of individual prey items being ingested in a 
given time period (Pi/t) and, hence, indicates the 
degree of evolutionary force exerted on that prey to 
develop anti-predator defense mechanisms. Percent 
cropping has been characterized for aquatic systems 
(Williamson, in review) and can 
be expressed as follows: 
( 1) pi/t = 
where Fis the clearance rate, niz is the density of 
prey type i at a given depth z, Nz is the predator 
density at z and Pi/tis the percent cropping (i.e. 
predation risk) on a particuliar date (Appendix). 
Summations are made over all depths sampled and the 
predators in this study include all female M· edax from 
stage CIV copepodites onward. Equation 1 can be 
8 
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simplified: 
where Pz is the fraction of predators at depth z 
( = Nz/J:.zNz) and xz is the fraction of prey at depth z 
( = niz/z.zniz>· This formulation breaks down predation 
risk into three distinct components: 1) the clearance 
rate which reflects the intrinsic preference of the 
predator for a particuliar prey type, 2) the overall 
predator density as reflected in the term zNz and 3) 
the summation of p q which represents the vertical z z 
overlap between predators and their prey. This index of 
overlap (S) ranges in value from o indicating complete 
separation of the two in space up to l indicating a 
concentration of both the predators and prey at a single 
depth. From equation 2, estimations of field predation 
can be made that include all the factors important in 
determining predation risk i.e. prey preference~ 
temporal overlap and spatial overlap. 
In order to estimate the parameters Nz and niz 
necessary for calculating predation risk, a series of 
discrete depth samples were taken in Hellertown 
Reservoir, .PA during the summer of 1986. The study site 
is a small (less than 1 hectare surface area) eutrophic 
lake with a maximum depth of approximately 10 meters. 
. 9 
-Mesocyclops is the only abundant invertebrate predator 
. 
in the system though a substantial population of 
planktivor~us fish can be found (the bluegill, Lepomis 
macrochirus and the largemouth bass, Micropterus 
salmoides). At each sampling period, replicate water 
samples were taken at lm, 3m, Sm, 7m and 9m using a Van 
Dorn bottle. A 7.9 liter subsample from this was 
filtered through a 48 m mesh rotifer cone (Likens and 
Gilbert, 1970) and the zooplankton captured were 
preserved in a cold, sucrose-formalin solution after 
anesthetization with carbonated water (40g sucrose per 
liter of formalin, Prepas, 1978). This sampling regime 
was repeated weekly from early May to the end of August, 
1986 at 11:00h and 23:00h in order to document changes 
in overlap and migrational activity. All zooplankton 
types present in these samples were then counted using 
either a Sedgwick-rafter chamber (rotifers and nauplii) 
or a modified Bogorov chamber (large zooplankton). Egg 
ratios were also determined for crustacean zooplankton; 
eggs ratios were not tabulated for rotifers due to a 
tendency of the eggs to fall off during processing. 
In order to obtain estimations of the clearance 
rates whole water samples from lm, 3m, 5m and 7m in the 
reservoir were collected and mixed together. This 
combined sample was then subdivided into 12 separate 1 
liter bottles and 20 adult female M. edax added to each ...... 
10 
, 
of 6 of these. The copepods added to these 6 containers 
were obtained directly from the field immediately before 
the start of the experiment. The other 6 bottles served 
as controls and received no additional copepods. All 
jars were incubated for 24 hours and clearance rate 
estimates calculated using the standard exponential 
equations described by Gauld (1951} and Dodson (1975) 
coupled with regression analysis (Lehman, 1980; Landry 
and Hassett, 1982) (see Williamson et al. in prep. for 
details). The procedure was repeated on July 9 and on 
August 5, 1986 in order to quantify changes in 
selectivity over time. 
The values of N, ni and F were then placed into z z 
equation 2 to estimate Pi/t for a given sampling period. 
Day and night values were averaged at each sampling 
date to arrive at an estimation of daily percent 
cropping. The clearance rates used in this model 
depended upon the date of sampling. Estimates of. 
predation risk for days earlier than July 9 were based 
upon clearance rates from that date and estimates made 
after the August 5 clearance rate determination used 
this value. Clearance rate estimates for dates in 
between these experiments were deterinined by an 
assumption of linear changes in this parameter through 
time. This method provided the most realistic 
representation of F given the available data. 
11 
In order to investigate the factors controlling 
changes in predation risk, the values of Pi/t obtained 
from weekly sampling were regressed against overall 
predator density and against spatial overlap. This 
analysis was repeated for all species present during a 9 
week period when Mesocyclops densities were greater than 
1 predator/liter (July 3 to August 26). This range of 
dates was chosen for several reasons. First, this 
represented the period when predation risk should be 
greatest and an understanding of the factors determining 
this pressure most critical. Secondly, because • 
clearance rate estimates were made during July and 
August, errors in changing selectivity should be 
minimized by concentrating on this period. While this 
technique provides good information as to what factors 
are important in determining the changes in predation 
risk on a population, it will not demonstrate the 
importance of vertical overlap, per se, on the 
populations. If vertical overlap (S) is high but 
constant, no significant relationships between Pi/t and 
Swill be detected. 
In order to quantify the impacts of vertical 
overlap on predation, a comparison was made between 
actual predation risk (PI/t> and predation risk based 
upon a commonly accepted assumption of uniform predator 
* 
and prey densities (Pi/t ). 
12 
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This relationship was 
• 
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" 
calculated with the following formula: 
(3) - F N (Williamson, in review) 
where N is the average predator density in the water 
column and all other terms are as described above. 
• 
'le • 
Comparisons between Pi/t and Pi/t were made using the 
Wilcoxon signed rank test (Sokal and Rohlf, 1981) using 
data from the specified 9 week period. The procedure 
was repeated for each prey species present during this 
entire period. 
Finally, estimates of the total predation impact 
C 
over the period of predator abundance were made by 
calculating the total number of prey killed at all 
depths in the reservoir during this time and then 
dividing this by the total number of prey present. An 
analysis of the population dynamics of the most 
vulnerable prey types was then carried out in order to 
determine whether the death rate values predicted by the 
model were reasonable given the birth rates and 
population growth rates found in the reservoir. Actual 
death rates in the field were estimated from the 
relationship r = b-d, where r is the intrinsic rate of 
population growth, bis the birth rate and dis the 
death rate. Using the relationship r = ln(N0 ) -
ln(Nt)/t (DeMott and Kerfoot, 1982) where N0 is the 
13 
• 
I 
initial population :ize, Nt is the final population size 
and tis the time interval, estimates of the growth of 
the natural populations were made. Egg ratio data were 
then used to calculate birth rates (Edmondson~ 1960; 
DeMott, 1983; Vanni, 1987) and actual death rates 
approximated by difference. Death rates for each 
sampling date were derived from a three point moving 
average of rand then compared to predicted death rates. 
14 
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RESULTS 
Temporal and spatial Heterogeneity of the Predator 
Population 
The population of Mesocyclops predators showed a 
sharp increase in overall density beginning in early 
July with a peak abundance occurring on the· 14th of 
August at 7.9 individuals/liter (figure 1). Predators 
were virtually absent in May and June when water clarity 
was exceptionally high. The predatory stages of 
Mesocyclops exhibited regular vertical migrations 
throughout the 9 week sampling period. The predators 
moved up into the epilimnion (lm-3m) during the night 
followed by a descent to the metalimnion (3m-7m) during 
the daylite hours. A few organisms were observed in the 
anoxic bottom waters (7-lOm) but the numbers were low 
(figure 2). 
Predictions of Predation Risk 
Averaged percent cropping figures for the 9 week 
sampling period varied significantly from prey type to 
prey type. Highest rates were reported for the 
cladocerans Ceriodaphnia reticulata (22.8%) and Bosmina 
longirostris (17.3%) and for the rotifer Polyarthra 
{I' 
remata (17.8%). Lowest cropping rates were calculated 
15 
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Figure 1. Averege density o~ the predatory stages 
oF ~- edex (female CIV end CV copepodites plus 
adult femeles) through the summer oF 1986. 
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for large paphnia (>0.75mm in length) (2.11), for 
Ascomorpha ovalis (1.1%) and for Kellicottia 
bostoniensis (2.3%). Intermediate cropping was found for 
Tropocyclops prasinus (12.2% for females and 6.5% for 
males), juvenile Daphnia (11.8%), copepodites (13.1), 
copepod nauplii (5.4%), and for the rotifers Asplanchna 
priodonta (8.8%), Polyarthra vulgaris (7.1%), Polyarthra 
euryptera (6.7%),-Keratella crassa (6.7%), Conochilus 
unicornus (4.9%), Gastropus stylifer (4.2%) and 
Keratella cochlearis (3.2%). 
Regressing the overall predation risk for the 
populations against clearance rates indicated that a 
strong relationship existed for rotifer prey species (p 
<.03) an~ a somewhat more diffuse effect with 
crustaceans (p <.10 for all crustaceans, p <.001 when 
juveniles were not included) (figures 3 and 4). Thus, as 
might be expected, highly preferred prey were cropped to 
a greater degree than less preferred prey items. The 
slope defining the relationship between F and Pi/twas 
much steeper for crustaceans than for the rotifer data 
indicating a more pronounced influence of prey 
preference on the crustaceans. 
Population Dynamics of the High Risk Prey Types 
The populations of the most vulnerable rotifer prey 
18 
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Figure 3. The relationship between clearance rat
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and the predation risk Tor rotifers. Symbols ere
 
as ~allows: Ap ~ Asplanchna priodonta, Ao= 
Ascomorpha ovalis, Cu= Cooochilus unicornus, Gs= 
Sestropus stvli~er, Keo= Keretelle cochlearis, Ker 
= Keratelle cressa, Pe~ Polyerthra euryptera. Pr~ 
Polverthre remete end Pv ~ Polyerthre vulgeris. 
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, 
types-A. priodonta and~. remata-showed a decline in 
overall abundance with increasing predator densities. 
Polyarthra populations dropped from a late May peak of 
almost 1500 individuals/liter to a late summer low of 75 
individuals/liter (figure 5). Population changes in 
Asplanchna were more dramatic. The peak density 
occurred just prior to the establishment of the M· edax 
population at 296 individuals/liter and then dropped 
rapidly afterwards to almost zero (figure 6). 
The two crustacean species with the highest 
predation risk-Ceriodaphnia and Bosmina-showed increases 
in population size while the predator population was on 
the rise (figures 7 and 8). An analysis of fecundity 
indicated that the death rates calculated from egg ratio 
data were lower than the death rates calculated from 
equation 2 for both species on most dates (figures 9 and 
10). Nonetheless, both methods for calculating death 
rates showed the same general trend with a maximum in 
predation risk occurring on the 14th of August which was 
followed the next week by a sharp decline in population 
mortality. The death rates for Bosmina calculated from 
egg ratio data indicated a negative death rate on two 
sampling periods-a situation which is theoretically 
impossible (Allan, 1976). 
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Factors Controlling the Seasonal Fluctuations in 
Predation Risk 
An analysis of changes in predation risk for 12 prey 
types present throughout the months of July and August 
indicated several things. First, increasing the average 
predator density led to significant increases in 
predation risk for all species (p <.05) but i. crassa 
.(tables 1 and 2). Peaks in predation were generally 
found in early to mid-August when predator densities 
were above 5 individuals/liter (figures 11 thru 22). 
Changes in predation risk were significantly correlated 
with vertical overlap patterns (S) for a number of 
species including~- euryptera, i. crassa, E· 
bostoniensis, copepod nauplii and for large and small 
Daphnia (p <.05). Overlap was not a good predictor of 
changing predation risk for E· remata, ~- vulgaris, 
copepodites and all adult crustaceans except Daphnia (p 
>.05) (tables 1 and 2). The variance in predation risk 
, 
explained by changing predator densities was greate~ 
·-
than that attributed to changing spatial overlap 
patterns for the rotifers ~. remata and~. vulgaris and 
for all crustaceans except small Daphnia. The reverse 
situation was true for~. crassa where spatial overlap 
was the predominate force in changing predation risk. 
Vertical overlap and predator densities were both 
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end vertical overlap (dashed line) over the course 
OT July end August, 1986 For copepodites. 
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Table 1. A comparison OT signiTicance levels end r2 
values For.regressions relating rotiTer predetion risk 
to either 1) predator density (N) or 8) vertical 
overlap (S) 
PREY 
TYPE 
Polvarthra 
remete 
Polvarthra 
vulgeris 
Keratella 
cressa 
Polyarthre 
euryptere 
Kellicottia 
bostoniensis 
regression 
P1/t vs N 
p 
.0004 
.006 
.57 
.006 
. 011 
.84 
.69 
.OS 
.68 
.68 
41 
regression 
P1 / t vs S 
p 
. 13S .89 
.33 .008 
.01 .60 
.0088 .74 
.ooos .83 
ratio 
r 2 N/r2 S 
8.90 
es.as 
0.08 
0.91 
O·. 75 
' t 
... 
I 
• 
Table 8. A comperison of significance levels end r 2 
values for regressions relating rotifer predation risk 
to either 1) predator density or 8) vertical overlap 
( s) 
PREY 
TYPE 
Ceriodaphnie 
reticulate 
Bosmina 
lonqirostris 
Copepodites 
Tropocvclops 
. pres1nus 
Small 
Dephnia 
Nauplii 
Large 
Daphnia 
• regression 
P1/t vs N 
p 
.0003 
.0003 
.0001 
.0001 
.083 
.86 
.86 
.90 
.9S 
.S4 
. 0001 . 9S 
.0008 .88 
• 42 
regression 
P1 / t vs S 
p 
. 18 
.81 
. 10 
.63 
.01 
.08 
.OS 
.84 
. 
. 81 
.38 
.003 
.60 
.56 
.44 
ratio 
r 2 N/r2 S 
3.58 
4.09 
8.81 
316.67 
0.90 
1.70 
8.00 
, 
,. 
•, 
.. 
important in determining overlap for i. bostoniensis, ~. 
eur,yptera and for small paphnia (tables 1 and 2). 
* 
comparison of Pi/t and Pi/t 
Disregarding overlap led to a consistent 
underestimation of predation on the rotifer r. remata 
and on all crustacean prey items (p <.05). Largest 
* differences between Pi/t and Pi/t were found for 
Ceriodaphnia and Bosmina (figures 23 and 24). On the 
other hand, the actual overlap pattern between the 
predatory stages of M· edax and Kellicottia led to a 
consistent lowering of the cropping rates below that 
expected from an assumption of vertical homogeneity ( p 
* <.05). Pi/t and Pi/t were not significantly different 
and uniformity was an acceptable assumption for several 
rotifer prey items including E- vulgaris, r. euryI>tera 
and i. crassa (p >.05). 
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DISCUSSION 
The cropping rates of up to 23% on certain rotifer 
and crustacean prey types observed in this study are 
consistent with rates reported previously for 
Mesocyclops and other cyclopoid copepods. Williamson 
(1984) estimates that 17% of the male Asplanchna girodi 
population is cropped by M· edax daily in Star Lake, 
Vermont. Cropping by Mesocyclops on Diaptomus 
floridanus copepodites is about 5.6% per day in 
Anderson-cue Lake, Florida (Confer, 1971). Brandl and 
Fernando report that up to 23.9% of the rotifers, 8.2% 
of the cladocerans and 10.8% of the copepods are cropped 
by M. edax over the course of a summer in three lakes in 
Ontario, Canada (Brandl and Fernando, 1979, 1981). The 
higher cropping on rotifers relative to crustaceans 
reported in these Canadian lakes is not in agreement 
with the findings of the present study. This 
discrepancy can be attributed an assumption of 
uniformity in the earlier studies. The error in 
predation risk estimates that results is probably 
greater for rotifers than for cladocerans or copepods 
since the crustacean prey should overlap more with the 
invertebrate predator. Numerous other studie~ (McQueen, 
1969; Confer and Cooley, 1977; Brandl- and Fernando, 
1981) indicate significant impacts on prey populations . .
by mixed.copepod assemblages. 
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In agreement with these studies, the de~reases in 
the vulnerable Polyarthra and Asplanchna populations 
with increasing predator density seem to suggest that 
Mesocyclops was severely impacting these prey 
populations in Hellertown reservoir. In contrast, the 
increasing populations of Ceriodaphnia and Bosmina 
during the peak periods of predation were not the 
patterns expected and the underlying mechanisms are 
difficult to resolve. The analysis of population 
fecundity data indicated that total mortality from all 
sources in the system was generally less than that 
predicted from equation 2. This discrepancy may be due, 
in part, to the hatching of resting eggs which may 
contribute significantly to the birth rate but would not 
be reflected in the calculations. This is a very strong 
possibility since, on several dates, the value of r 
exceeded that of b for Bosmina (resulting in a negative 
death rate). This indicated that, even in the unlikely 
situation of zero mortality, another source of eggs 
would have been required since r must be less than or 
equal to b (Allan, 1976). A similar, though less 
pronounced pattern, was observed with Ceriodaphnia; in 
this population, the death rate calculation based upon 
egg ratios approached zero on several dates despite 
substantial fish and invertebrate predator populations. 
Thus, it is quite likely that a major source of error 
. 
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lies in the calculation of egg-ratio based mortality 
figures. 
This discrepancy was probably also related to the 
assumptions inherent in the calculation of clearance 
rates used in equation 2. Clearance rate estimates were 
based upon prey densities found if the prey were 
homogeneously distributed. This density was lower than 
that to which the predators were exposed in the field 
for these cladoceran prey types because of the 
concentration of both predators and prey at a single 
depth. The assumption inherent in these calculations is 
that the clearance rates remained constant across the 
range of prey densities encountered in the field and 
should be reasonable under most conditions (Jamieson, 
1980; Williamson, 1986). Nonetheless, the high prey 
densities found in the reservoir may mean that predator 
satiation and handling time could have become important 
leading to reductions in actual clearance rate values. 
(Holling, 1959; Jamieson, 1980; Cooper and Goldman, 
1982; Falt et al., 1982; Stemberger, 1986). Another 
pQtential source of error was the age structure of the 
populations. If the populations were dominated by 
juveniles during the clearance rate experiments, then 
the clearance rates would have been larger than those 
found when adults were more abundant. These errors 
should have only influenced the absolute value of Pi/t' 
·48 f 
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however, and would not be reflected in tests looking at 
the impacts of spatial and temporal heterogeneity on 
predation risk since the clearance rates should be 
reasonably constant for a given population in the short 
period considered in the calculations. The critical 
components of these tests are not absolute values of 
predation risk but rather the relative changes and these 
should be independent of clearance rate estimations. 
The most striking of these results was the relative 
influence of distributional patterns on rotifer versus 
crustacean predation. Many crustaceans were heavily 
impacted in the field despite low to intermediate 
clearance rate values, while the relative importance of 
most rotifers as food was generally reduced (figures 25 
and 26). For example, Mesocyclops exhibited its highest 
clearance rates on Asplanchna while Asplanchna's risk 
from predation in the field was less than 40% of the 
maximum calculated value. On the other hand, 
Ceriodaphnia and Bosmina were severly impacted in the 
field even though the clearance rates reported on these 
species were less than 40% of that of Asplanchna. These 
trends can be explained by an examination of the 
vertical migration patterns. All crustacean prey 
underwent regular nocturnal migrations, and therefore, 
were in close proximity with the predator throughout the 
diel cycle. The extremely high cropping on Ceriodaphnia 
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and Bosmina can be attributed to a combination of 
moderate intrinsic predator preferences and substantial 
overlap. 
The influence of predator vertical overlap on 
rotifer predation was less pronounced. This is due to 
the fact that most rotifers tended to segregrate at one 
depth and showed minimal migrational activity. This low 
prey dispersion meant that during part of the day the 
predators were concentrated at that depth of prey 
abundance and actual predation risk was higher than that 
\ 
expected from an assumption of homogeneity. During 
other parts of the day the effect was reversed-the 
cropping was much lower than expected due to the 
p-redators being elsewhere. The end result of this low 
dispersion of non-mobile prey was a predation risk that 
was very similiar to that expected from a highly 
dispersed prey species. 
In contrast to these large differences in the 
importance of overlap in dete~mining predation 
intensity, the two major prey groups did not differ 
significantly in terms of the relationship between 
temporal overlap and predation risk. For both rotifers 
and crustaceans, the period of maximum predation risk 
could be adequately predicted simply by looking at 
overall predator densities in the reservoir. While this 
is quite logical, the reverse situation is conceivable. 
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Increasing predator densities could potentially lead to 
severe cropping at the depths of heavy prey 
concentration. The result would be a reduction in 
vertical overlap and predation pressure may remain 
constant or even decrease as the predator populations 
became established. This type of interaction was not 
observed in the system, however, and increasing predator 
' 
densities had no effect on vertical overlap for all prey 
items considered (p >.05). This relationship can 
probably be explained through factors other than 
invertebrate predation. Large crustaceans are most 
likely moving to avoid fish predation (O'Brien, 1979), 
while rotifer distributions are probably being 
determined by available food or by abiotic restrictions 
(Miracle, 1974, 1977; Pivoda, 1977; May, 1983; 
Stemberger and Evans, 1984; Williamson and Stoeckel, 
unpublished data). The notable exception in this regard 
was the prey~. vulgaris. This rotifer showed 
consistent reverse diurnal migrations throughout the 
months of July and August moving up to the surface 
waters (l-3m) during the day and then descending into 
the metalimnion (3-7m) in the night. This strategy 
reduces overlap with the predators and is effective at 
lessening predation pressure (Bowers and Vanderploeg, 
1982, Williamson, in review). Migration by this 
rotifer into the deeper waters may have been related to 
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food availability. Polyarthra species show a preference 
for Cryptomonas (Edmondson, 1965; Miracle, 1974) and 
qualitative observations indicated that algae was 
present in the deeper regions. Thus, potential food is 
probably available for this highly mobile prey 
throughout the water column and this makes reverse 
migrations more feasible from an energetic viewpoint. 
This response to invertebrate predators was not observed 
consistently with any other rotifer prey type even 
though a number of other species are also known to eat 
cryptomonads (Miracle, 1974). 
' 
The interpretation that changing predator densities 
had very little influence on prey distributions does not 
mean that vertical overlap was unimportant in the 
system. A model can be proposed that states that for 
crustacean prey, changes in predation risk is primarily 
a function of predator densities while the absolute 
values of Pi/tare dependent upon both predator 
densities and vertical overlap. The concurrent 
migrations of crustacean prey and the M· edax predator 
appeared to greatly increase the level of predation 
pressure upwards over that expected from a homogeneous 
environment. Furthermore, these migrational activities 
appeared to be quite stable for the adult crustaceans 
regardless of Mesocyclops densities and, therefore, 
spatial overlap was not as variable as temporal overlap. 
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For rotifers, the reverse situation was found: 
absolute values of predation risk were reasonably 
estimated without a consideration of vertical overlap 
due to the tendency of most rotifers to remain at one 
depth. These distributions may shift as a result of 
changing food conditions and temperature profiles and 
this may cause overlap patterns to change. While this 
idea is speculative, it, nonetheless, does provide a 
reasonable explanation for the greater importance of 
spatial overlap in changing predation risk for several 
rotifer prey types. These differences between the two 
prey groups can also be seen in ·the combined effect of 
temporal and spatial overlap on predation risk. This 
total overlap is reflected in the slope of. the line 
defining the relationship between clearance rates and 
Pi;t· The slope is much 
rotifers (figures 3 and 
steeper for crustaceans than for 
., 
4) indicating that, as a group, 
crustacean prey overlapped more with the predator in 
space and time. 
In some respects, these results are limited in 
applicability to this particuliar system at a 
particuliar time period, but, nonetheless, the 
conceptual framework is broad. Spatial and temporal 
overlap may be important in any system where the 
potential for patchiness exists. Furthermore, the 
concurrent predator-prey migrations observed here are 
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not unique. The phenomenon is widespread in nature (see 
previous references) and, thus, the intensified 
predation that results should also be widespread. 
Indeed, the results of this work and past research 
suggests that a more detailed account of vertebrate 
versus invertebrate predation is needed. How do large 
zooplankton representatives survive in systems where 
both predation forces are substantial? This question is 
particuliarly interesting since the diel cycles which 
minimize impacts from visual predators seem to maximize 
the impact from invertebrate predators. A more 
detailed analysis of the fluctuations in predation risk 
from both predator types may prove to be extremely 
,; 
I 
valuable in developing a more realistic understanding of 
the dynamics of zooplankton movements and distributions. 
) 
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APPENDIX 
Definition of terms: 
-
-
N 
-
F -
-
-
Probability of a prey item being 
ingested during a given time 
period (prey killed/prey/day) 
Probability of a prey item being 
ingested during a given time period 
based upon an assumption of uniform 
prey distributions in the water column 
(prey killed/prey/day) 
Predator density at a given depth 
z (predators/liter) 
Average predator density in the water 
column (predators/liter) 
Prey density at a given depth z 
(prey/liter) 
The effective clearance rate on a 
particuliar prey type 
(liters/predator/day) 
The fraction of the predator population 
at a given depth z 
The fraction of the prey population at a 
given depth z 
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